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Abstract This article systematically designs and theo-
retically investigates a highly birefringent photonic crystal
fiber (HB-PCF) for reducing the effect of polarization mode
dispersion in high-speed optical communication system. To
achieve a high modal birefringence in the proposed HB-
PCEF, four types of HB-PCF were designed by adding some
birefringence-enhancing factors step by step in sequence.
Ultimately, as per the simulation results, in the condition of
single-mode operation, the numeric values of modal bire-
fringence and confinement loss of the proposed HB-PCF is
about 21.85% 1073 and 0.47 dB/km at the habitual wave-
length A =1.55 um of optical-fiber communications.

1 Introduction

Some imperfections of a single-mode fiber (SMF) are pro-
duced due to variations in geometric shape or impurity
introducing in practical fiber-fabrication processes, and ani-
sotropic stress acting on the fiber due to the fiber spanning
in an optical communication system. These imperfections
result in an uncontrolled and unpredictable modal bire-
fringence in the SMF and bring about polarization mode
dispersion (PMD). The PMD induces pulse broadening
and seriously restricts the data rate in a high-speed optical
communication link. The highly birefringent fibers (HBFs)
were used to reduce the governing factor of small random
birefringence fluctuations significantly. Conventional HBFs
(such as elliptical core fibers, bowtie structured fibers, and
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PANDA fibers) have a modal birefringence with a value
of about 10~ order typically. Recently many articles used
photonic crystal fibers (PCFs) to realize highly birefringent
photonic crystal fibers (HB-PCFs) [1-14]. Modal birefrin-
gence of about 10~ order was achieved typically for most
of these HB-PCFs at a wavelength of 1.55 um. In addition
to the application of optical communication systems, HBFs
also have been widely used for polarization control in opti-
cal modulators, Raman amplifiers [15], polarization split-
ters [16], fiber-optic sensors [5, 17], fiber gyroscopes [18],
etc.

To introduce and enlarge the modal birefringence in
PCFs, one can destroy the sixfold symmetry of the fiber to
the best of one’s ability and strongly split the degeneration
doublet pair. Several approaches were proposed to destroy
the symmetry of a PCF structure, such as setting some
defective holes near the core [1-6] or a row of cladding
[7]. Yang et al. used the complex unit cells in cladding [8].
Various structures of HB-PCFs employed a cladding with
two differently sized squeezed elliptical air holes [9-11].
In addition, hybrid cladding structure [12], and rectangular
centric rings of smaller circular air holes in the fiber core
[13] were adopted to achieve high birefringence in a PCF.
Chau [14] proposed a HB-PCF with rectangular air holes
in cladding, which earned an ultrahigh birefringence of
81x 1073 at A = 1.55 um. However, the fabrication is quite
hard to realize rectangular air holes. The modal birefrin-
gence B of a fiber is defined as the difference in effective
index, which is denoted as n. in the paper, of the splitting
modes

X Yy

B = eff neff

n

; ey

where n*.; and ', are the effective indices of the x- and
y-polarization mode, respectively.
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In this paper, to achieve a high modal birefringence in
a PCF, some birefringence-enhancing factors (BEFs) were
superimposed step by step, and enlarged the difference
between the effective indices of the degenerated fundamen-
tal modes. According to Eq. (1), a HB-PCF with ultrahigh
birefringence was then achieved. In addition to the modal
birefringence, the modal property and confinement loss of
the proposed HB-PCF will be discussed for single-mode
operation and low loss. The numeric results reveal that the
proposed HB-PCF is operated in single mode, the value of
modal birefringence is up to 21.85x 1072, and the confine-
ment loss is about 0.47 dB/km, at a wavelength of 1.55 um.

2 Simulation models and principles

In this work, the effective refractive indices of some modes,
such as the splitting degeneration fundamental modes (1”4
and ), the fundamental space-filling mode in the clad-
ding area (nggy), and the second-order mode (n,.y), were
estimated using the plane-wave expansion (PWE) method.
The PWE method is based on the plane-wave expansion of
the electromagnetic field using Bloch’s theorem. It is ideal
for producing band structures for PCFs; moreover, it can
be used to measure the modal properties such as effective
index and mode area. In PWE simulation, the supercell
approximation is used to treat a defect (core) region. It is
worth noting that the supercell has to be large enough to
determine the properties of the core region accurately [19].

2.1 Modal properties

To avoid the modal dispersion, birefringent fibers have to
keep the propagation light in a single mode at the work-
ing wavelength. As an example, the modal property of a
regular index-guiding PCF shown in Fig. la is investi-
gated first. In the figure, the cladding of the PCF consists
of seven layers of triangular lattices of air holes, referred
to as cladding holes in this paper, each one with a diam-
eter of d. and a pitch A (center-to-center distance between
the holes) of 3.00 pm in a background of undoped silica,
whose refractive index can be estimated using the Sell-
meier equation [20]:

0.897479422 '

22— (9.896161)

@)
where A is the operating wavelength. The solid core is
formed by removing the central air hole. Figure 1b reveals
the relationship between the normalized cutoff frequency
(A/2,) of the second-order mode and the space-filling ratio
of the cladding (d/A) for a regular PCF in Fig. la. To cal-
culate the cutoff wavelength 4., one can first estimate the

0.4079426 1
2 —(0.1162414)%

0.6961663A2
A2 —(0.0684043)%

n()= 1+
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Fig. 1 a Cross-sectional view of a regular PCF. b Relationship
between the normalized cutoff frequency (A/1.) of the second-order
mode and the space-filling factor (d/A) of the cladding. The param-
eters at the operating point are A = 3.00 pm, d, = 1.80 pm

mode index of the second-order mode n,.4, and then find
out a wavelength A, to satisfy the condition 7,.4= npgy.
where FSM represents the fundamental space-filling mode
in the cladding area [21]. The curve with triangle sym-
bols defines a boundary of single- and multi-mode regime,
above the curve the PCF is multi-mode, and below it is
single mode. Furthermore, there is an endless single-mode
regime for d /A <0.45 [22]. The operating point represents
the mode of the regular PCF at an operating wavelength
of 4,=1.55 um (dJA=0.6, A/A, = 3/1.55), it is located in
the single-mode region as evident from the figure. In other
words, to keep the propagation light in a single mode at a
wavelength of 1.55 um, the cladding holes with a diameter
of d, = 0.6 xXA=1.80 um is an appropriate design. For all
investigated types, the variation of A/A. with the different
core structure is slight, which will be shown in the sub-
sequent Sect. 3.3 (Fig. 7). Therefore, the d. = 1.80 um is
determined for this work. The modal properties of the pro-
posed structures will be examined in Sect. 3.3.
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2.2 Simulation models and modal birefringence

For comparison, Fig. 2a shows the cross-sectional view of a
regular PCF with d, = 1.80 pm and A = 3.00 pm, which is
the same as Fig. la.

To destroy the sixfold symmetry of the fiber, split the
degeneration doublet pair, and enlarge the modal birefrin-
gence, the first BEF (BEF-1)—replacing four air holes at
the innermost cladding layer of the PCF with larger holes
with a diameter of d;=2.80 um—is introduced. This type
of structure is named as Type 1 in this article, and the
cross-sectional view of HB-PCF Type 1 is indicated in
Fig. 2b. To show the effect of each BEF-adding, the effec-
tive indices of splitting degeneration modes for the different
types of HB-PCFs are compared and indicated in Fig. 3. In
Fig. 3a, for the regular PCF, the n* and n’; are identi-
cal at all of wavelength due to the sixfold symmetry of the
PCF. According to Eq. (1), the modal birefringence values,
which can be simplified as B values, of an ideal regular
PCF are zero for the entire band. For the HB-PCF Type 1,
the effective indices of the two degeneration modes are split
due to the destruction of sixfold symmetry by introducing
the BEF-1, and the B values arise at some wavelengths.

To enhance the asymmetry of the PCF structure, split
the degeneration doublet pair, and enlarge the modal bire-
fringence even more, in addition to the BEF-1, the second
BEF (BEF-2)—a removal of two holes in the appropriate
orientation at the innermost layer of the PCF—is added.
This type of HB-PCF is named as Type 2, and the cross-
sectional view of HB-PCF Type 2 is shown in Fig. 2c. The
comparison between n'.; and n’; for HB-PCF Type 1 and
2 is demonstrated in Fig. 3b. It is obvious in the figure
that the separation of effective index curves (n.g-curves)
between the splitting degeneration doublet pair (x- and

Fig. 2 Cross-sectional

views of a a regular PCF

and the HB-PCFs, b Type

1, ¢ Type 2, d Type 3, and

e Type 4. A = 3.00 pm,

d,= dy = 1.80 pm,

d;=2.80um, d, = 2.52 um,
Nore = 1.560 at a wavelength of

1.55 pm

y-mode) for the HB-PCF Type 2 is wider than that for the
HB-PCF Type 1 at some wavelengths. Thus, one can pre-
dict, according to Fig. 3b, that the B values of the HB-PCF
Type 2 are larger than that of Type 1 at some wavelengths,
and this enlarging factor results from the introduction of
BEF-2.

To increase the birefringence more, one can strengthen
the confinement of the splitting degeneration modes in the
core region. Therefore, the third BEF (BEF-3) is added by
increasing the refractive index of the core. The HB-PCF
Type 3 shown in Fig. 2d was designed by inserting a circu-
lar Ge-doped rod with a diameter of 1.80 pm, which is the
same with the cladding holes, and a high refractive index
of n.,. = 1.560 at a wavelength of 1.55 um in the center
of the core. Figure 3¢ compares the n'.; with #’ . for HB-
PCF Type 2 and 3. Because of introducing the BEF-3, the
separation of n.g-curves between the two splitting degen-
eration modes for the HB-PCF Type 3 is wider than that
for the HB-PCF Type 2, and larger B values of the HB-PCF
Type 3 compared to those of the Type 2 can be predictable
at some wavelengths.

Ultimately, introducing the fourth BEF (BEF-4) into
the HB-PCF Type 3 to even more enlarge the modal bire-
fringence and accomplish the final structure—HB-PCF
Type 4. For the BEF-4, the circular Ge-doped rod in the
HB-PCF Type 3 is replaced with an elliptical one with
the same refractive index, which increases the n.; com-
ponent at x-orientation, as shown in Fig. 2e. In this work,
the lengths of major and minor axis of the central elliptic
rod are d, = d. = 1.80 um and d, = 2.52 pm, respectively.
Figure 3d shows the comparison between the n' 4 and r’
for the HB-PCF Type 3 and 4. As shown in the figure, the
separation of ng-curves between the two splitting degen-
eration modes for the HB-PCF Type 4 is wider than that for
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Fig. 3 Comparing the effective indices (n.y) of splitting degeneration modes between the a regular PCF and Type 1, b Type 1 and Type 2, ¢

Type 2 and Type 3, and d Type 3 and Type 4 HB-PCFs as shown in Fig. 2

the HB-PCF Type 3 due to the introducing of BEF-4. One
can anticipate that the modal birefringence of the HB-PCF
Type 4 is largest in the four types of HB-PCFs.

2.3 Confinement loss

The loss is another important parameter for a HB-PCF used
in a communication link. The confinement losses (L) for
each case can be deduced by the imaginary part of effective
indices (n.g) as

Lc = 8.686 X ko x Im|nyg], 3)

where k, is the wave number in free space, Im[n] rep-
resents the imaginary part of n.. The Im[n.]’s of the
four types of the HB-PCFs can be calculated using the
beam propagation method (BPM), and then substitute the
Im[n.]’s into Eq. (3) to estimate the confinement losses.
The BPM is currently the most widely used for the study
of light propagation in longitudinally varying optical wave-
guides; its drawback is difficult to take into account back-
ward reflecting waves [19].

@ Springer

3 Numerical results and discussions
3.1 Modal birefringence (B)

The refractive indices of the splitting degeneration modes
n'.s and n’ . were estimated by means of the above-men-
tioned PWE method, and then the modal birefringence B’s
were deduced using Eq. (1). Figure 4 compares the B val-
ues of these four types of HB-PCF. As shown in the figure,
the maximum B values increase in sequence of adding the
BEF-1 to BEF-4, respectively, as expected in the preceding
discussion.

The birefringence curve (B-curve) of Type 1 decreases
sharply between a wavelength range of 3.4-3.8 um, this
can be clearly deduced from Fig. 3a. As per the n.-
curves of Type 1 in Fig. 3a, the curves of y and x modes
have breaking points at a wavelength of 3.4 and 3.8 um,
respectively. The ng-curve of Type 1-y-mode is raised
for the wavelengths longer than 3.4 um. Thus, accord-
ing to Eq. (1), the B-curve of Type 1 has a sharp decline
between 3.4 and 3.8 um. The occurrence of breaking
points for the n.g-curves of Type 1 can be explained
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Fig. 4 Dependence of birefringence on wavelength for the HB-
PCF Type 1 to 4. A = 3.00 pm, d. = d;, = 1.80 pm, d; = 2.80 pm,
d,=2.52 pm, n,, = 1.560 at a wavelength of 1.55 um

as follows. For a shorter-A region, as the wavelength
increases, the x and y modes gradually extend their fields
into the innermost layer, which includes four large holes
in y-direction as shown in Fig. 2b. Therefore, the ng;
decreases drastically with wavelength. For a longer-4
region, the modes stretch out their fields further into the
outer cladding with smaller holes. Accordingly, the nq
decreases gently with wavelength, and then the break-
ing points are formed between the two regions. By con-
trast, the breaking effect on the other types of HB-PCF
is unobvious, this results in a fact that the B-curve of
Type 1 as shown in Fig. 4 shows quite different behav-
ior from other types. The reason of unobvious breaking
effect for other types of HB-PCF is explained as follows.
For Type 2-4, as shown in Fig. 2, two smaller holes at
the innermost layer are removed. Therefore, some field
will be distributed in the imperforate region. In addition,
Type 3 and 4 confine the mode fields severely in the core
regions due to the higher n .. These two causes reduce
the power extended into the outer cladding region with
smaller holes, and bring about a result that the extended
power is not enough to achieve an obvious breaking
effect.

3.2 Blue-tune by shrinking

As per Fig. 4, for all types of the HB-PCFs, the maximum
B value occurred at a wavelength A, far from the habitual
wavelength of 1.55 um in optical-fiber communication. To
shift A, toward a shorter wavelength (blue-tune) while
still keeping its birefringence at an original maximum B

value, one can shrink the whole structure with a shrink

ratio of @ (a < 1) [3]. On the other hand, one can expend
the whole structure with an expend ratio of g (f > 1) to
shift A, toward a longer wavelength (red-tune). The blue-
tuning/red-tuning method scales down/up all the geometric
parameters (A, d,, d_, d, and dy) simultaneously with a same
ratio of a/f. In this work, to shift 1., toward a wavelength
of 1.55 um, the B curves of all types of the HB-PCF need
to be blue-tuned by a different ratio of a. Figure 5 shows
the relationship between the B curves and wavelength for
the four types of the HB-PCF with various a. As shown in
the figures, the B curves are blue-tuned with a smaller a,
and the maximum B values are nearly identical with vari-
ous « for each type of the HB-PCF.

Figure 6 indicates the dependence of the 4,, on the
shrink ratio a for the four types of the HB-PCF. For a =1,
which is the case shown in Fig. 4, the 4,,.s are located
at the wavelengths of 3.36, 4.77, 5.07, and 5.24 pm with
respect to Type 1 to Type 4. Furthermore, as per the fig-
ure, to shift 4,,.s to 1.55 pm, the required values of as are
0.4586, 0.3269, 0.3066 and 0.2992 (which are directed by
the arrows in the figure) for Type 1 to Type 4, respectively.
To achieve a maximum B value at the wavelength of 1.55
um, one can blue-tune the 4,,, to the wavelength of 1.55
pm by shrinking the original HB-PCF structure with the
ratio of a as given above. However, it is not a good design
because the single-mode operation and the confinement
loss are not taken into account.

3.3 Modal properties

According to Fig. 4, the HB-PCF Type 1 and 2 can be dis-
regarded in the work due to their small birefringence. To
examine the modal properties for the HB-PCF Type 3 and
4 with d /A =0.6, the relationship between the normalized
cutoff frequencies (A/4.,, x is 3 or 4 for HB-PCF Type 3
and 4, respectively) of the second order mode for Type 3
and 4, the normalized operating frequency (A/A,, where
A,=1.55 pm) and the shrink ratios (&) are estimated and
demonstrated in Fig. 7. As shown in the figure, the varia-
tions of the normalized cutoff frequencies of the second-
order mode A/A,, for the Type 3 and 4 are slight. As men-
tioned in Sect. 2.1, the condition of single-mode operation
is A/A,<A/A,,. Thus, the critical shrink ratios a, were
defined by the conditions of A/A,=A/4., they are the
boundaries between the single- and multi-mode regions for
the a value. As per the figure, the HB-PCFs operate in sin-
gle mode for the cases of a < a,,, while in multi-modes for
a > a,. The numerical results revealed that a5 = 0.3370
and a,, = 0.3316.

Figure 8a—d indicates the field patterns of intensity com-

2
ponents |Ex|2and |Ey‘ for the x- and y-polarized fundamen-

tal modes for the HB-PCF Type 1 to 4 at a wavelength of
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Fig. 5 Dependence of birefringence on wavelength for the HB-PCFs a Type 1, b Type 2, ¢ Type 3, and d Type4, with various shrink ratios

5] - 0.68
Toe | 1.8+
— - - Type 7 0.661
4 — « -Type 2 1.64
= =Type3 -
,g s Ty " yal 0.64
3 31 s
= 5 S 1062 030 032 034 036
é - 2 1.2 . . ;i ;
< 24
A=1.55 um —=Ah,
H == A/h-Type 3
1€, .4 O A\ -Type 4
r "VV T — T T T T T 1 N\ ﬁh/\ A
0.2 0.4 0.6 0.8 1.0 -
Shrink ratio o 03 04 05 06 07 08 09 1.0

Shrink ratio «
Fig. 6 Relationship between the 4, and the shrink ratio a for the

HB-PCF Type 1 to Type 4
Fig. 7 Relationship between the A/A, for Type 3 and 4, the A/A,
(4, = 1.55 pym) and the shrink ratio (a). The critical shrink ratios
a.3=0.3370, a,4=0.3316 for HB-PCF Type 3 and 4, respectively

@ Springer



Systematic design of highly birefringent photonic crystal fibers

Page 70f9 73

|E,|” of y mode

A

Fig. 8 Field patterns of the intensity components for the x- and y-polarized fundamental modes for the HB-PCF a Type 1, b Type 2, ¢ Type 3,

and d Type 4 at a wavelength of 1.55 pm

A =1.55 pm, respectively. It is obvious in the figures that
the degenerate doublet components of the fundamental
mode in the HB-PCFs split significantly.

3.4 Confinement loss (L)

Up to now, the work has treated the maximum values of
birefringence at a wavelength of 1.55 um. On the face of
it, the maximum birefringence of B=22.65x 107> can be
achieved using the design of Type 4 with a shrink ratio of
a =0.2992. However, the fundamental mode should appear
to dissipate seriously for an excessively compact structure,
that is to say, a too small a. This behavior is caused by the
effect of the modal filter or “modal sieve” of the cladding
[23]. For shrinking the whole structure, the mode fields
are shrunk to small ones simultaneously. The confinement
losses will substantially increase while the fundamental
mode field is small enough to pass through the modal sieve.

For the HB-PCF Type 3 and 4, to design a compromis-
ing structure by trading some birefringence for an accept-
able loss, the dependences of the birefringence B and the
confinement losses L on the shrink ratio « at a wavelength
of 1.55 um are displayed in Fig. 9a, b, respectively. As is
obvious from the figures, if a small a is set to achieve a
maximum birefringence at a wavelength of 1.55 um, the
HB-PCFs are unrealistic owing to an extremely large loss.
To choose an appropriate a for larger B and acceptable
L, a reference loss of 0.5 dB/km is labeled in the figures.
For the HB-PCF Type 3 in Fig. 9a, L. = 0.54 dB/km is
obtained if the @ = 0.340. However, the design will cause
a multi-mode operation in the fiber due to a > a ;. There-
fore, a smaller a of 0.337 is selected, thus B=18.52x 1073
and L, = 0.75 dB/km is obtained for the HB-PCF Type
3. On the other hand, for the HB-PCF Type 4 in Fig. 9b,
B=21.85x10"" and L. = 0.47 dB/km is achieved if the a
of 0.325 is chosen. Fortunately, the design for the HB-PCF
Type 4 with large B and small L. will enable the fiber to
operate in single mode because it fit in with the condition
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Fig. 9 Dependence of the birefringence B and the confinement loss
L on the shrink ratio a at a wavelength of 1.55 um for the HB-PCF a
Type 3, and b Type 4

of a < a,4. For clarity, Table 1 exhibits the designed geo-
metric and optical parameters at a wavelength of 1.55 um
for the two designs. As per Fig. 9 and Table 1, the opti-
cal performances of the HB-PCF Type 4 are the better;
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Table 1 Geometric and optical parameters at a wavelength of 1.55 um for the designed HB-PCF Type 3 and 4

HB-PCEF types Shrink ratio A(um) d, (um) d, (um) d, (um) d, (um) Aeore B (x1073) L (dB/km)
Type 3 0.337 1.0110 0.9436 0.6066 0.6066 0.6066 1.56 18.52 0.75
Type 4 0.325 0.9750 0.9100 0.5850 0.8190 0.5850 1.56 21.85 0.47

however, the fabrication of the HB-PCF Type 3 is easier
than the Type 4 due to the simple circular core rod.

3.5 Single polarization ranges (SPRs)

The HB-PCF may show single polarization in a wavelength
range, which is called single polarization range (SPR) in
this paper. The phenomenon of SPR can be described as
follows. Figure 10a demonstrates the relationship between
the effective indices of n'.y, n'yy, and npgy for the HB-
PCF Type 4 with a shrink ratio of 0.4. As per the figure,
for 1 < 2.268 um, both the n*; and n’ are larger than
the nggy;, thus both the splitting degeneration fundamental
modes are well confined in the core region. For 1>2.895
um, both the n'.; and n’.; are smaller than the nggy, the
modes should evanesce into the cladding. Within the
wavelength range of 2.268 pm<4<2.895 um, which is a
so-called SPR with a range of about 627 nm, the y-polar-
ization mode should be cutoft due to n’.z<npgy, While the
x-polarization mode still propagates due to n* z>npgy. One
of the splitting degeneration fundamental modes (y-polar-
ization mode) is then filtered out in the wavelength range.
Therefore, in the SPR, the fundamental mode is always lin-
ear polarization. Figure 10b exhibits the SPRs of all types
of HB-PCFs in this work with shrink ratios of 0.3 to 0.8.
Figure 10c shows the relationship between the birefrin-
gence, SPR, and wavelength for the HB-PCF Type 4 with
the a of 0.325 (the proposed structure), 0.500, and 0.700,
respectively. The hatch areas under the B curves represent
the SPRs for each structure with various a.

4 Fabrication considerations

Several fabrication methods of PCF have been developed,
such as stack-and-draw [24-26], extrusion [27], sol-gel
casting [28], injection molding [29], drilling [30], and
tapering [31]. The most common method is stack-and-draw
technique, which is relatively fast, clean, low cost, and flex-
ible. Similar to the fabrication process of general PCF, the
proposed HB-PCFs can be easily fabricated using the stack-
and-draw method. The PCF preform is realized by stacking
a number of capillary silica tubes and rods with the same
outer diameter, while the different inner diameters of d; and
d,. (for tubes) will form the desired air-silica structure. The
central rod is Ge doped in the center of silica rod, which is
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just like a traditional MCVD fiber (Type 3) or an ellipti-
cal core fiber (Type 4). The refractive index of the central
circular or elliptical rod is decided by the doping concen-
tration of germanium. After the stacking process, the capil-
laries and rods are held together, and a HB-PCF, as shown
in Fig. 2b—e, is then accomplished through the intermediate
drawing and final drawing process [25, 26].
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5 Conclusions

This study systematically designed and theoretically inves-
tigated an HB-PCF by adding some BEFs step by step in
sequence. The modal birefringence increased even more
whenever a BEF was introduced. By adding all the four
BEFs, the modal birefringence of the HB-PCF was up to
22.65x 1073 at a wavelength of 5.24 um. To blue-tune the
maximum birefringence wavelength toward the habitual
wavelength of optical-fiber communications (1.55 pm),
all the geometric parameters were shrunk with a shrink
ratio a. Finally, the proposed HB-PCF with a high-index
Ge-doped elliptic rod in the central core was designed.
By trading some birefringence for an acceptable loss, the
numeric results indicated that the modal birefringence and
the confinement loss of the proposed HB-PCF Type 4 with
geometric and optical parameters as shown in Table 1, are
21.85% 1073 and 0.47 dB/km, respectively, at the habitual
wavelength A=1.55 um of the optical-fiber communica-
tions. Furthermore, the modal properties were examined
and verified that the proposed HB-PCF should be operated
in single mode.

There are quite a few published works which focus on
the HB-PCF [1-14]; the basic principle of the works was
breaking the array symmetry to enlarge the modal birefrin-
gence as well. In addition to systematically designing the
HB-PCF by superimposing BEFs step by step to show the
splitting of the degeneration doublet pair progressively, this
work even more demonstrates an approach of blue-tune by
shrinking or red-tune by expending, examines the modal
property to verify that the HB-PCF is operated in sin-
gle mode, estimates the confinement loss and exhibits the
approach of trading some birefringence value for an accept-
able loss to design a compromising structure, and finally
shows the SPRs of the fiber.
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